ABSTRACT Network densification through the deployment of small cells along the coverage area of a macro-cell, employing massive multiple input multiple output (MIMO) and millimeter-wave (mmWave) technologies, is a key approach to enhancing the network capacity and coverage of future systems. For ultra-dense mmWave heterogeneous scenarios with a massive number of users, one should address both inter-and intra-tier interferences contrary to the low-density scenarios, where the network is mainly noise limited. Therefore, this paper proposes low complex hybrid analog-digital receive and transmit beamforming techniques for ultra-dense uplink massive MIMO mmWave heterogeneous systems to efficiently mitigate these interferences. At the small cells, the hybrid analog-digital receive beamforming/equalizer is computed in a distributed fashion, where the analog processing is performed at the small cell base stations or access points and the digital part at a central unit for joint processing. To optimize the analog part of the hybrid equalizer and the precoders used at the user terminals, we consider as a metric the distance relative to the fully digital counterpart induced by the Frobenius norm. In the optimization problem, apart from the analog constraints usually considered in the homogeneous systems, we further impose the constraints inherent to the distributed nature of the access points. To cancel the inter-tier interference, the digital parts of the precoders employed at the small cell user terminals are designed so that this interference resides in a low-dimensional subspace at the macro base station. The results show that the performance of the proposed hybrid analog-digital precoder/equalizer scheme is close to the fully digital counterpart and is able to efficiently remove both inter-and intra-tier interferences.
I. INTRODUCTION
With the constant increase in mobile communication devices and services, the system requirements become more demanding. To satisfy some of these requirements, such as better coverage and higher data rates, mobile operators have been deploying small cells within the existing macro-cells. They operate inside the coverage area of a macro-cell, creating a heterogeneous network (HetNet), and offer great advantages for operators and for users, allowing better coverage and higher data rates [1] - [3] . However, heterogeneous networks are not sufficient to cope with these demands, so further technologies need to be researched and developed. Massive MIMO and millimeter wave (mmWave) are some of such technologies, which have proven to be solid choices to meet these demands [4] - [6] .
Due to its frequency, several times greater than the current systems, mmWave has the potential to achieve multi-gigabit per second data rates [5] . However, the wireless propagation characteristics are quite different from the current sub-6 GHz band [7] , [8] , as it degrades with the increase in frequency because special care is needed when designing beamforming schemes [9] . In addition to mmWave, the deployment of a massive number of antennas has also been considered a key technology for meeting the ever-increasing demand for higher data rates in 5G or B5G networks [10] . Massive MIMO can scale up MIMO by orders of magnitude compared to the conventional MIMO systems [11] . A survey on massive MIMO, also known as large-scale MIMO, including channel modeling, applications scenarios and physical and networking techniques, was provided in [12] .
There are some advantages of combining mmWave with massive MIMO since it allows packing a higher number of antennas into the same volume due to a small mmWave wavelength [13] . As a consequence, both terminals can be equipped with a massive number of antennas, which will allow designing efficient beamforming techniques that can compensate for the attenuation from higher frequencies. However, the design of these beamforming techniques should follow different approaches than the approaches adopted for lower frequency counterparts, mainly due to the hardware limitations [14] . In fact, the high cost and power consumption of some mmWave mixed-signal components make it difficult to have a fully dedicated radio frequency (RF) chain for each antenna [15] as in conventional MIMO systems, so the design of full digital beamforming approaches is not realistic for massive MIMO mmWave-based systems. The simplest solution for the number of RF chains is the use of full analog beamforming with phase shifters [14] , but it employs only a quantized number of phase shifts and their constraints on the amplitudes, which leads to a limitation on the system performance, as discussed in [16] . To tackle these limitations, hybrid analog-digital beamforming approaches, where some signal processing is done at the digital level and some left to the analog domain, have been discussed in [17] - [22] . A hybrid analog-digital spatially sparse transmit and receive beamforming scheme was proposed in [17] . The spatial structure of mmWave channels was considered to formulate the beamforming scheme as a sparse reconstruction problem. In [18] , a multi-user receive beamforming was designed to efficiently address the multi-user interference caused by the single antenna user terminals sharing the same spectrum. In [19] , a hybrid beamforming algorithm was proposed for the downlink assuming limited feedback channel information. An efficient hybrid iterative block space-time multiuser equalizer has been proposed [20] . Hybrid precoding solutions and codebook design for limited feedback wideband mmWave systems were discussed in [21] . To flatten the fading channel over a wide band and maximize the system capacity, a signal-to-interference ratio constrained capacity maximization algorithm to jointly design the precoder and the combiner was derived in [22] . In [23] an iterative matrix decomposition based hybrid beamforming scheme for a single-user scenario and a novel subspace projection based angle of arrival aided block diagonalization for downlink multiuser scenario have been proposed. The authors in [24] designed hybrid RF and baseband precoders/combiners for multistream transmission in massive MIMO mmWave systems, by directly decomposing the predesigned unconstrained digital precoder/combiner of a large dimension. In [25] the authors proposed a novel iterative algorithm for the joint hybrid precoder and combiner design by exploiting the duality of the uplink and downlink MU-MIMO channels.
The prior works were focused primarily on hybrid digitalanalog beamforming approaches for homogeneous systems, i.e., only a single cell is assumed. In fact, most of the work done in the last years for heterogeneous systems assumed a sub-6 GHz band [26] . In the HetNets, considering that the small cells coexist under the same spectrum with the macrocell (approach followed in this paper), the levels of interference are too high. Evidently, this requires the development of efficient interference management schemes, since, if not carefully designed, the small cells signals may cause interference on the macro-cell [1] . Interference alignment [27] , [28] is an effective approach to address interference in the twotiered networks [29] - [34] . A technique that takes advantage of the orthogonal frequency division multiplexing (OFDM) cyclic prefix for IA was proposed in [29] . The work in [30] studied several IA approaches with different levels of intersystem information sharing. The problem of IA, pre-coded under limited information exchange, for narrowband heterogeneous based networks, was analytically approached in [31] . The authors in [32] combined IA with an iterative block decision feedback equalization (IB-DFE) [33] principle to remove the inter-tier interference for the uplink SC-FDMA systems. Another efficient approach to cancel the interference generated from small cells at the macro-cell user terminal is the application of joint signal alignment (SA) and physical network coding (PNC) as discussed in [34] and [35] . As noted in [36] , the use of mmWave and massive MIMO in the context of heterogeneous networks would be a key factor to increase the network capacity for future 5G networks. For a low dense scenario and due to the short range of mmWave communications, it is expected that the users on a given small cell would not interfere with other small cells and macro cells, and the system is mainly noise-limited. However, in ultra-dense scenarios with a massive number of users the system becomes interference-limited, even using the mmWave band [37] since at the mmWave band, the channel shows significant differences for line-of-sight (LOS) and non-line-of-sight (NLOS) path loss characteristics. For example, channel measurements show a path loss exponent of approximately 2 for LOS and an exponent as large as 5.76 in downtown New York City [38] . As shown in [37] , when the density of the network is very high (for example, in ultra-dense networks) the interference is significant since for ultra-dense scenarios, a user sees several LOS base stations and thus experiences significant interference. As mentioned in [37] , the development of more advanced interference management techniques is an interesting topic for ultra-dense massive MIMO mmWave-based networks.
In this paper, we report the design of low complex hybrid analog-digital transmit and receive beamforming (or precoder/equalizer) for ultra-dense uplink massive MIMO mmWave HetNets networks. To the best of our knowledge, uplink hybrid beamforming approaches designed for massive MIMO mmWave in the context of HetNets has not been addressed in the literature. The main contributions of this work include:
• At the small cells, we assume a distributed hybrid analog-digital architecture, where the analog part is performed at the small cell base stations and the digital part at the central unit for joint processing. The main VOLUME 5, 2017 motivation to consider a distributed hybrid analogdigital processing at the small cells is that the information to be sent by the access points to the central unit is significantly reduced since the number of RF chains is much lower than the number of antennas. Moreover, the signals are transported through the front-haul in the analog domain.
• To efficiently cancel the inter-tier interference, the digital part of the precoders employed at the small cells user terminals are designed so that this interference resides in a low dimension at the macro base station. We show numerically that 2 bits of inter-tier information exchange are enough to efficiently align the inter-tier interference with a good overall network performance.
• To optimize the analog part of the hybrid equalizer and the precoders used at both the macro and small cell user terminals, we minimize the distance between the hybrid and the fully digital approaches. In the optimization problem, we impose the constraints of the analog part and the constraints inherent to the distributed nature of the small cells access points. This approach is significantly different from the single tier case where the analog and digital parts are centralized and therefore, the optimization problem is less complex. Notations: Boldface capital letters denote matrices and boldface lowercase letters denote column vectors. The operations (.) T , (.) H , (.) * and tr(.) represent the transpose, the Hermitian transpose, the conjugate and the trace of a matrix. The operator sign(a) represents the sign of the real number a. For a complex number c, sign(c) = sign( (c)) + jsign( (c)), where (c)( (c)) represents the real part of c (imaginary part of c). The operator sign(.) is applied element-wise to matrices. Consider a vector a and a matrix A, then diag(a) and diag(A) correspond to a diagonal matrix with diagonal entries equal to vector a and a diagonal matrix with entries equal to the diagonal entries of the matrix A, respectively. A(j, l) denotes the element at row j and column l of the matrix A. I N is the identity matrix with size N × N . The index u refers to the user terminal and p the receiver.
II. SYSTEM MODEL
We consider the uplink of a two-tiered network whose carrier frequency is in the mmWave band. The two-tiered network comprises a macro-cell with N small cells within its coverage area (all sharing the same frequency spectrum), as depicted in Fig. 1 . The macro-cell has a base station (BS) and one user terminal (UT). Each small cell has an access point (AP) which serves the UT. The APs have an analog-only architecture, i.e., the signals are processed in the analog domain. The processed analog domain signals are sent through a fiberbased front-haul network to a central unit (CU), where they are digitized and jointly processed in the digital domain. Namely, for the small cells, the analog and digital processing are distributed (the analog processing is done at the APs and the digital processing at the CU) and for the macro-cell, the analog-digital processing is centralized at the BS. At the receiver side, the small cells have two entities, the N APs, which perform the analog processing and a CU which performs the digital processing. In contrast, the macrocell has just one entity, the BS, which performs both the analog and digital processing. To simplify the description, in the following sections we divide the BS into two logical entities, equivalent to the ones at the small cells, where the analog and digital processing occurs. With a slight abuse of terminology, we will denominate by BS the logical entity performing the digital processing and will give a different name to the analog entity. Henceforth, to uniformize the notation between the macro and small cells, the macro UT is denoted by UT 0 and the UT of the p th small cell by UT p . At the receiver side, the logical entity that performs the analog processing is denoted by RX p , with p ∈ {0, . . . , N }. The digital domain entities are denoted by BS and CU, for the macro and small cells, respectively. From now on, we assume that the UT p and RX p have L p and M p antennas, respectively.
For this work, we consider the uplink direction, where each UT transmits N s data streams to its respective receiver. The received signal at RX p is given by
where y p ∈ C M p denotes the received signal, x u ∈ C L u the UT u transmitted signal, n p ∈ C M p the white Gaussian noise with variance σ 2 and H p,u ∈ C M p ×L u the channel between UT u and RX p .
A. USER TERMINAL ARCHITECTURE
For UT u a hybrid analog-digital architecture, as depicted in Fig. 2 , is considered. In this architecture, UT u is equipped with T u transmitting RF chains. As such, the transmitted signal is given by
where W a,u ∈ C L u ×T u is the analog precoder, which is comprised of a number of phase-shifters that connect each RF chain to all transmit antennas, W d,u ∈ C T u ×N s the digital precoder and s u ∈ C Ns denotes the UT u data symbols modulated using an M -QAM constellation. The precoders must be designed such that the power constraint
= N s is respected.
B. RECEIVER ARCHITECTURE
As previously mentioned, at the receiver side, the analog processing is performed at RX p and the digital processing at the BS or CU. In the following sections, we will describe the analog and digital processing in two different sections.
1) ANALOG DOMAIN
As previously mentioned at RX p , we consider an analog only architecture (see Fig. 3 and Fig. 4 ). The RX p has M p antennas and outputs R p signals to the digital processing entity. RX p performs a linear map between its inputs and outputs. This mapping may be mathematically described bŷ
whereŝ a,p ∈ C R p denotes the vector containing the R p outputs of RX p and G a,p ∈ C M p ×R p the analog equalizer, which is comprised of a number of phase-shifters that connect each output to all receiving antennas.
2) DIGITAL DOMAIN
For the digital domain processing, we will just describe the model for the CU, since for the BS, the description is identical to the case where the CU processes only one small cell (N = 1). The CU receives the signalŝ a,
This signal is first digitized by R CU = R 1 + . . . + R N RF chains and then processed by the digital equalizer at baseband frequency. The estimated symbols at the CU are given byŝ
T denotes the estimated transmitted symbols from each UT, withŝ u ∈ C N s and G d,CU ∈ C R CU ×(N +1)N s is the digital equalizer. One of the dimensions of the digital part of the equalizer is equal to the total number of streams sent by the N+1 UTs. Therefore, one requirement for resolvability of all streams is R CU ≥ (N + 1)N s .
C. CHANNEL MODEL
For the channel model, a narrowband clustered channel based on the Saleh-Valenzuela is adopted. As discussed in [9] , the channel H p,u , p, u ∈ {0, . . . , N } is considered the sum of the contributions of N cl scattering clusters, where each of the clusters contributes N ray propagation paths to the channel matrix H p,u . The matrix channel H p,u can be described by In the following, we will also use the matrix form of (5) where p,u is a diagonal matrix where the entries are given by
III. HYBRID PRECODER AND EQUALIZER DESIGN
In massive MIMO mmWave systems, the implementation of full digital algorithms can be impractical, as each antenna requires a dedicated RF chain. Hybrid designs are taken into consideration at both the transmitter and receiver terminals in this work. For the sake of simplicity and without loss of generality, in this section we describe only the design of the small cell precoder and equalizer, since the macro-cell precoder and equalizer may be obtained using a similar approach. For the macro BS, the N small cell UTs may be considered as just one UT, since we use interference alignment to align the signals of these N terminals at the BS. A decoupled design is considered. First, we design the analog part, and then with the knowledge of the analog part, we design the digital part. Apart from simplifying the design of the analog and digital parts, this decoupled procedure brings further benefits. Namely, the channel between UT u and RX 0 has dimensionality L u M 0 . By including the analog precoder and equalizer at both ends of the channel, the resulting equivalent channel has dimensionality T u R 0 . As the number of RF chains is much smaller than the number of antennas, then the dimensionality of the equivalent channel is much smaller than the dimensionality of the original channel. This fact significantly reduces the overhead necessary to estimate such channels, a factor that will be important in the design of the digital precoder of the small cell UTs which requires the knowledge of the inter-tier channels and uses the interference alignment technique to align the inter-tier interference along a low dimensional subspace.
A. ANALOG EQUALIZER AND PRECODER DESIGN
For the analog part, we propose two types of equalizers/precoders, one that is randomly generated and another that considers the channel information and the specific characteristics of mmWave-channels (specifically the sparsity) to compute the analog precoder.
In the following, we just describe the analog equalizer design, since the analog precoder is similar. The main difference between the two is the value of the weighting matrix R in the optimization problem (11) . For the precoder, this matrix is equal to the identity but for the equalizer, it corresponds to the received signal correlation matrix.
1) RANDOM EQUALIZER
In random design, the analog decoder is randomly generated. By doing this, the receiver does not need information about the channel, simplifying the overall system design and reducing the overhead required to estimate the channel. As the analog part is composed of a matrix of analog phase shifters, each element of the decoder must be normalized, so that (|G a,p (i, j)| 2 = M −1 p ). The analog equalizer may then be expressed as
where p ∈ C M p ×R p denotes a matrix of uniform random numbers, such that p (i, j) ∈ [0, 1], with i ∈ {1, . . . , M p } and j ∈ {1, . . . , R p } and the exponential is applied elementwise to the matrix p .
2) PROPOSED DISTRIBUTED HYBRID EQUALIZER FOR HETEROGENEOUS NETWORKS
From (3) and (4), it follows that the equalized signal at the CU is given byŝ
where
By (1), (2) follows that
Let G CU ,opt denote the optimum fully digital equalizer. If we use as a metric the mean square error, then the optimum fully digital equalizer is the Minimum Mean Square Error (MMSE) which is given by
To optimize the analog part of the equalizer, we will use as a metric the weighted Frobenius norm [17] between the fully digital and hybrid equalizers. Mathematically, this corresponds to
where R = H CU WW H H H CU + σ 2 I denotes the correlation matrix [17] of the signal y CU = [y p ] 1≤p≤N , and G a denotes the set of all block-diagonal matrices with block-diagonal entries respecting the analog constraint
p , ∀p ∈ {1, . . . , N }}. In this optimization problem, we considered the optimum digital part to obtain the analog part of the equalizer, which accordingly to the KKT conditions is given by
Using (12), the optimization problem simplifies to
. By expanding the merit function of the optimization problem (13), we verify that it is equal to a constant minus a term that is dependent on G a,CU . Therefore, (13) simplifies to
To solve (14), we propose to iteratively optimize the analog equalizer matrix column by column. Let
denote the output of the optimization problem at iteration i − 1 and
a,CU denotes the column we are optimizing at the iteration i, then using the Gram-Schmidt orthogonalization follows that
a,CU ] with
a,CU ) −1/2 . Therefore, the objective at iteration i is to find column i of the analog equalizer, which is given by
and equivalent to
a,CU = arg max
. Accordingly, to the definition of the constraint set G a , the optimum analog equalizer must have a block diagonal structure. Let us decompose matrix C (i−1) in N blocks along its columns, i.e.,
. Then, by including the block diagonal constraint in the merit function of the optimization problem (16) follows
where g
a,p denotes a column of the analog part of the equalizer of RX p , andḠ a = {g a,p : |g a,p (i)| 2 = M −1 p }. To solve (17), we find the optimum value of g (i) a,p for all p ∈ {1, . . . , N } and then select the index p that corresponds to the maximum among all p ∈ {1, . . . , N }. For RX p this corresponds to a,p ∈Ḡ a is respected is to project the corresponding eigenvector along the set of vectors in the set g
a,p ∈Ḡ a , which amounts to retaining the phase of each element of the optimum eigenvector and setting its magnitude to M −1 p . A different approach to solve (18) would be to use a dictionary whose elements respect the constraint g
a,p ∈Ḡ a and select the best element from the dictionary as the optimum analog equalizer. Let us denote by D p the dictionary used for RX p . Therefore, the optimization problem corresponds to ] 1≤p≤N ,0≤u≤N ) ). Hence, from (6), it follows that matrix A p forms a good basis for the channel [17] .
With the dictionary-based approach, the CU computes the analog equalizer for the N APs and then forwards to the APs the index of the R p selected dictionary entries, or equivalently, forwards to RX p the selected angles of arrival. In contrast, for the projection-based approach, the CU must forward to each RX p , p ∈ {1, . . . , N } the full analog equalizer matrix G a,p ∈ C R p ×M p that corresponds to R p × M p real numbers. Due to its lower overhead, the dictionary-based approach is superior and is the one we will use to obtain the numerical results in Section V.
The pseudo-code for the proposed algorithm is given in Algorithm 1.
B. DIGITAL EQUALIZER DESIGN
For the digital part of the equalizer, we use the optimum digital equalizer as in equation (12), which we repeat here for completeness. As previously mentioned, the analog precoder and equalizer may be designed using similar procedures, since one may be considered as a specific case of the other. In contrast, the digital parts of the hybrid precoder and equalizer perform different functions. The digital part of the equalizer separates the received data signal into data streams, and the digital part of the precoder aligns the inter-tier interference along a small dimension subspace. In the next section, we describe the digital precoder.
Algorithm 1 The Proposed Hybrid Multi-User Linear Equalizer Algorithm for HetNets
Inputs: G CU ,opt , R 1/2 1.
a,CU ) −1/2 13.
C. DIGITAL PRECODER DESIGN
As discussed before for ultra-dense mmWave heterogeneous systems, the inter-tier interference from the small cell UTs to the macro-cell BS impacts the network performance. Therefore, our objective is to design the digital precoders of the small cell UTs so that the inter-tier interference is removed. To enforce the zero-interference condition, the following constraint must be respected.
where F 0,u = G H a,0 H 0,u W a,u denotes the equivalent channel between the BS and UT u , considering both analog precoder and equalizer, which dimensionality is much smaller than the one of the original channel H 0,u . Let us define matrix V = null(G d,0 ). Then, from (20) it follows that
The space spanned by the equivalent channel, including the digital precoder, i.e., channel F 0,u W d,u , is identical across all small cell user terminals and equal to V ∈ C R 0 ×N s , which we denominate by alignment direction. Therefore, the solution to the zero-interference condition is
According to the previous derivation, the alignment direction V completely defines the subspace where the full intertier interference resides. This subspace occupies a subspace with dimensionality N s . In contrast, if condition (20) is not respected, the interference subspace dimensionality would be NN s , i.e., N times higher. Furthermore, from (23), we verify that the alignment direction is a function of the BS digital equalizer and vice-versa. As the UT u , u ∈ {1, . . . , N } precoder is a function of the digital equalizer of the BS (or equivalently, of the alignment direction), this matrix must be known at all UTs. Several approaches may be considered to select the value of this matrix. In the following subsections, we describe three approaches in more detail. We assume that this matrix is selected at the macro BS, since its value will influence the performance of the macro-cell, and then it is forwarded to the small cells through the air. We start with the optimum approach, with the highest requirements in terms of information exchange between the macro and small cells and then proceed until the simplest and with the lowest requirements in terms of information exchange. The approach proposed in the previous paragraphs has similarities with the one proposed in [31] . However, here we consider that the small cell UTs transmit more than one stream, and the type of architecture considered is quite different. As mentioned, we consider a hybrid analog-digital architecture in this work and in [31] , a fully digital architecture was assumed.
1) FULLY COORDINATED
In the fully coordinated approach, the alignment direction V is generated at the BS, and the macro-cell performance is the best. To achieve the best performance, the alignment direction, where the inter-tier interference resides, must span a subspace orthogonal to the signal space of the macrocell signal. Mathematically, this corresponds to setting the alignment direction as follows
Equation (24) ensures that no attenuation occurs in the desired signal when the interference is removed. To compute V, we must compute first or have knowledge of the analog precoder and equalizer of the macro-cell terminals. However, as the alignment direction must be fed back to the secondary system at each transmission time interval (TTI), the feedback requirements can be quite demanding, at 2R 0 N s reals per TTI.
2) STATIC
In the static method, the alignment direction is predefined and does not change throughout the communication process. The alignment direction needs to be shared just once, at the beginning of the interaction. This implies a reduction in the performance, but the feedback requirements are greatly reduced.
3) 2n-BIT COORDINATED
In [35] , the authors propose a 2n-bit coordinated method where it is possible to achieve a compromise between performance and feedback requirements, ranging from the static method (n = 0) to the fully coordinated method (n = ∞).
In this method, the alignment direction is obtained as in the fully coordinated method. However, instead of feeding back real numbers, only a quantized version of the alignment direction matrix is fed back. This quantized version feeds back n bits from the real part and other n bits from the complex part.
Hence the 2n-bit name, where n = 1, 2, 3. The quantized alignment direction matrix is given by
where f Q (.) denotes the quantization function, and Re{.} and Im{.} the real and complex parts of the alignment direction V. As seen in [35] for a flat fading Rayleigh channel without spatial correlation and with independent channel realizations, 1 bit for each real and complex part of the IA vector (n = 1) shows promising results for a minimum feedback requirement. For our specific case, the channel is correlated along the spatial dimension and not Rayleigh-distributed. It is a narrowband clustered channel as described in section II.C. However, as will be verified in the numerical results section, the performance of the 1-bit scheme is close to the full-coordinated approach.
IV. NUMERICAL RESULTS
In this section, we compare the performance results for different combinations of the previously described precoder and equalizer designs. Two scenarios are considered with the main parameters shown in Table 1 , each with six different schemes, as seen in Table 2 . The main difference between scenario 1 and 2 is that the number of transmitting data streams of the second is twice the first.
In all schemes, we used (12) to compute the digital part of the equalizers (either BS or CU). The first precoder/equalizer scheme corresponds to the case where both analog precoders and equalizers are randomly generated as in (7), and the static method for the digital small cells UT precoders (see Section III.C). With this scheme, the system has the minimum inter-system feedback requirements, since the alignment direction must be shared only once. In the second scheme, we replace the static IA vector for the coordinated vector, with 2 (n = 1) quantization bits. In the third scheme, VOLUME 5, 2017 we replace the random analog equalizer at both the small cell BS and macro-cell APs by the proposed algorithm, described in section III (Algorithm 1). In this case, the BS and the CU must estimate a channel with higher dimension than the previous scenarios. In the fourth scheme, the random analog precoder is replaced by the proposed algorithm. In this case, the UTs need to know more information about the channel regarding the previous scenarios. In the fifth scheme, the static IA vector is replaced by the full coordinated approach, where the inter-tier exchange information is the highest. Finally, at the sixth scheme, a fully digital system is considered, i.e., one RF chain is assumed per antenna, and the IA vector is computed based on a full coordinated approach.
For the channel model, N cl = 8 clusters are considered, all with the same average power and each with N ray = 3 rays with Laplacian distributed azimuth/elevation angles of arrival/departure as in [20] . The angle spread for both the transmitter and receiver is 8 • . Although we used this specific value, similar results are obtained for larger angle spreads. The carrier frequency is set to 28 GHz, and the antenna spacing elements assumed to be half-wavelength. All results were obtained by considering QPSK modulation. The performance metric considered is the BER, which is presented as a function of the E b /N 0 , with E b denoting the average bit energy and N 0 denoting the one-sided noise power spectral density, given by
Let us start by analyzing scenario 1. In Fig. 5 , we present the results for macro-cell while Fig. 6 shows the results for the small cell. From Fig. 5 , we can see that the performance is the worst for the first scheme since the analog precoders and equalizer are randomly generated, and the alignment vector is static. These results are expected since the information about the channels at the terminals is quite small. We can observe that just by using a 2-bit quantization of the alignment vector, scheme 2, the performance improves 10.6 dB for a BER=10 −3 . The results also show that by using the proposed analog equalizer, scheme 3, the performance improves 15.9 dB for the same BER and by further using the proposed precoder, scheme 4, the performance improves 11 dB for a BER=10 −3 . By replacing the 2-bit approach (low overhead) with the full coordinated (high overhead), scheme 5, the improvement is small. We can also see that the performance of the proposed analog equalizer/precoder with a 2-bit quantization for the alignment (scheme 5) is very close the one achieved by the full coordinated approach, that can be seen as the lower bound for the analog-digital approaches, indicating that the proposed hybrid scheme is quite efficient to remove the interference that the small cell UTs cause in the macro-cell BS using the degrees of freedom of the mmWave channel efficiently. Fig. 6 (small cell results) shows that the performance of the scheme 1 and 2 is the same as in scheme 4 and 5. From Table 2 , we can see that for these two pairs of schemes (scheme 1, 2 and scheme 4, 5), the analog equalizer and precoders are the same, only the alignment direction changes as a result of the independence between macro and small cell channels, which are used to compute the alignment direction and the precoders/equalizers, respectively. Similar to the macro case, scheme 5 has the best performance, which is identical to the scheme 4 as previously discussed. Again, the gap between the proposed hybrid scheme and the full digital approach is very small, which means that the proposed distributed scheme effective mitigates the multiuser and intertier interferences The results for scenario 2 are depicted in Figs. 7 and 8 for macro and small cells, respectively. In this case, the number of transmitting data streams is twice the number of the first scenario, i.e., each UT transmits 2 data symbols in parallel. From these figures, we basically can note conclusions similar to scenario 1. From Fig. 7 (macro-cell results) , it can be seen that by replacing the 2-bit quantization approach (scheme 4) with the full coordinated approach (scheme 5), the improvement is more significant than in the scenario 1, i.e., the gap between these two schemes is larger than in the first scenario. Therefore, scenario 2 requires more bits to approach the full coordinated approach and hence a higher overhead because now the level of interference is higher since the intra-tier interference is composed of the intersymbol and multi-user interference, contrary to scenario 1 which has only multi-user interference.
V. CONCLUSIONS
In this paper, we proposed low-feedback overhead hybrid analog-digital precoder and equalizer schemes for uplink of massive MIMO mmWave HetNets systems. The hybrid processing is performed in a distributed fashion at the small cells, where the analog part is performed at the small cell base stations or APs and the digital part at the CU for joint processing to efficiently remove the inter/intra tier interferences. To optimize the analog part of the hybrid equalizer and the precoders (used at the user terminals), we minimized the distance between the hybrid and the fully digital approaches. In the optimization problem, we imposed constraints of the analog part and the constraints inherent to distributed nature of the APs. To cancel the inter-tier interference, the digital part of the precoders employed at the small cell user terminals was designed in such a way that this interference resides in a low dimension subspace at the macro BS.
The results showed that the performance of the proposed hybrid analog-digital precoder/equalizer schemes is quite close to the fully digital counterpart. Furthermore, the results also showed that 2 bits of inter-tier information exchange are enough for most scenarios to efficiently align the interference with a good overall network performance. Therefore, the proposed hybrid scheme is quite efficient to remove both inter-and intra-tier interferences with very low network overhead.
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